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1. Introduction {#gh2138-sec-0001}
===============

Wildfire smoke, as one of the largest sources of unhealthy air quality, is an emerging health issue, associated with an estimated 340,000 excess deaths each year globally (Larsen et al., [2018](#gh2138-bib-0022){ref-type="ref"}; National Interagency Coordination Center, [2018](#gh2138-bib-0028){ref-type="ref"}). Exposures to particles and gasses found in wildfire smoke are linked to a range of health outcomes, including lower birth weight, increased rates of cardiorespiratory emergency visits, hospitalizations, and death (Dennekamp & Abramson, [2011](#gh2138-bib-0007){ref-type="ref"}; Dennekamp et al., [2015](#gh2138-bib-0008){ref-type="ref"}; Haikerwal et al., [2015](#gh2138-bib-0014){ref-type="ref"}; Haikerwal et al., [2015](#gh2138-bib-0015){ref-type="ref"}; Morgan et al., [2010](#gh2138-bib-0027){ref-type="ref"}; Reid et al., [2016](#gh2138-bib-0034){ref-type="ref"}; Wettstein et al., [2018](#gh2138-bib-0046){ref-type="ref"}). Some individuals are more susceptible to these clinical outcomes due to underlying health conditions, age, socioeconomic status, and other factors (Rappold et al., [2012](#gh2138-bib-0033){ref-type="ref"}; Reid et al., [2016](#gh2138-bib-0034){ref-type="ref"}). Even healthy individuals experience respiratory, ear‐nose‐throat symptoms, difficulty sleeping, viral infections, and other subclinical or precursor events that reduce productivity and can result in delayed but serious health outcomes (Integrated Science Assessment (ISA) for Particulate Matter, [2009](#gh2138-bib-0016){ref-type="ref"}; Krewski et al., [2005](#gh2138-bib-0021){ref-type="ref"}). Reducing the amount, duration, and intensity of smoke exposure by using an air filter and limiting outdoor activities is widely recommended as a health preventive action (Cascio, [2018](#gh2138-bib-0005){ref-type="ref"}; Wildfire Smoke: A Guide for Public Health Officials, [2016](#gh2138-bib-0047){ref-type="ref"}). To achieve better public health outcomes, we need to apply what we know about health risks and protective health behavior effectively.

Despite the increased attention on wildfires and smoke exposure, there remains significant uncertainty in how to reduce the public health burden of these events. Existing knowledge about health risk, preventative measures, and risk communication has not reduced the uncertainty in our understanding and practice of how to best respond to this emerging issue (Fisk & Chan, [2017](#gh2138-bib-0011){ref-type="ref"}; Laumbach, [2019](#gh2138-bib-0023){ref-type="ref"}; Sandoval & Krapfl, [2014](#gh2138-bib-0039){ref-type="ref"}). A public health perspective provides theoretical models that can inform strategies to address this knowledge gap. Health belief models and the theory of planned behavior suggest that understanding perceptions, motivations, and barriers to behavioral change (physical, social, or financial) among impacted individuals may shed light on the disconnect between observed health outcomes and what we know about ways to reduce risks (Ajzen, [1991](#gh2138-bib-0002){ref-type="ref"}; K. Glanz et al., [2015](#gh2138-bib-0013){ref-type="ref"}; Rosenstock et al., [1988](#gh2138-bib-0036){ref-type="ref"}). Understanding an individual\'s perception of who is at risk, the role of previous experiences with poor air quality; informational needs; feelings of efficacy for changing personal exposures given prevailing environmental conditions; and perceptions of benefit when an action is taken can help us characterize when, why, and how individuals change their routine behaviors to adopt health protective measures. This knowledge helps public health experts construct strategies that motivate behavioral change and result in improved outcomes. However, today, as we witness growth of large wildfires, there is virtually no research documenting how individuals respond to the smoke as a health risk or even how effectively recommended actions improve public health and productivity.

The estimated health burdens (Fann et al., [2018](#gh2138-bib-0010){ref-type="ref"}; Fay H. Johnston et al., [2012](#gh2138-bib-0017){ref-type="ref"}) indicate that there is a pressing need to achieve better public health outcomes related to smoke exposure. However, reducing the health burden is a complex problem with a multitude of possible solutions. Because of the clear demand for solutions, in the fall of 2017, U.S. Environmental Protection Agency (EPA) researchers devised a novel citizen science approach called the Smoke Sense initiative, which encourages participants to report changes in their health and changes in the environment, resulting in the participant finding personal relevance in the adoption of health protective behaviors. Drawing on elements from the theory of planned behavior and the health belief model (Driver, [1991](#gh2138-bib-0009){ref-type="ref"}; Karen Glanz et al., [2002](#gh2138-bib-0012){ref-type="ref"}; Rosenstock et al., [1988](#gh2138-bib-0036){ref-type="ref"}; Theory at a Glance ‐ A Guide For Health Promotion Practice, [2005](#gh2138-bib-0044){ref-type="ref"}), participation in the study encourages preventive health behaviors and invites users to record their smoke observations and health symptoms, play educational trivia games, and explore what other participants are reporting through a smartphone app. Various components of the app are intended to facilitate participants\' progression in air quality awareness and adoption of desired health‐promoting behaviors by tapping into the desire to gain and display expertise via learning. Within the app, participants can explore current and forecasted daily air quality, maps of fire locations, and satellite images of smoke plumes and learn about health consequences of wildfire smoke.

The overarching objective of the Smoke Sense initiative is to develop and maintain an interactive platform for building knowledge in individuals through engagement with the issue and systematic knowledge through research about wildfire smoke, health, and protective actions to bridge existing gaps and improve public health outcomes. The platform envisions the creation of multiple points of entry to engage with the issue: individuals, the wider research community, and partner organizations. At the organizational level, the platform has the potential to supplement and complement partner organizations\' efforts in addressing this issue by serving as a tool for engagement and discussion (e.g., state health agencies use the app as an entry point for conversations with stakeholders). Key benefits to the wider research community include access to individual‐level responses during smoke events and overcoming potential limitations of conventional research design methods (e.g., the possibility of recall bias or ecologic fallacy, difficulties in reaching affected populations and collecting of responses over time, etc.). In this paper we examine Smoke Sense pilot data for the feasibility to reach target audiences, engage participants on the topic of health impacts of smoke, and gain insights into factors that affect health protective behaviors. Specifically, we investigate the role of personal health, perceptions of risk, and experiencing symptoms in relation to adopting preventive health behaviors. In addressing these objectives, we develop a causal diagram tracing how health and exposure factors interrelate with protective actions; these relationships are then used to define future steps for exploring the impact of engagement and effectiveness of health protective behaviors.

2. Data and Methods {#gh2138-sec-0002}
===================

Citizen scientists could opt‐in to participate by downloading the EPA Smoke Sense app available on Android and iOS platforms. The app provided users with three key features designed to facilitate connections between wildfire smoke, health impacts, and ways to protect health: (1) record observations of smoke, symptoms, and actions, (2) view responses of other participants, and (3) receive information about air quality, current fires, existing and forecasted smoke plumes, and the health consequences of smoke exposure. The home screen displayed the current and next day\'s forecasted air quality with associated health messages, a brief tutorial about the Air Quality Index (Figure [1](#gh2138-fig-0001){ref-type="fig"}), and tabs leading to four major features of the app ("My Profile," "Symptoms and Smoke Observations," "Fire and Smoke Near me," and "Air Quality 101").

![Smoke Sense mobile app user interface.](GH2-3-443-g001){#gh2138-fig-0001}

During the pilot season, the Smoke Sense app was available on the Android platform from 1 August to 20 November 2017 and on the iOS platform from 5 October 2017 through 7 January 2018. During this time, the app was downloaded 5,598 times (40% Android) and launched over 50,000 times.

2.1. My Profile {#gh2138-sec-0003}
---------------

Smoke Sense participants were prompted to establish a profile to begin using the app. They were asked to provide a zip code, demographic information (sex, age, race, and education level), baseline health information (preexisting conditions, physical activity level, and time spent outdoors), and current beliefs about smoke and air pollution (e.g., does smoke impact health?); however, only the zip code was required to continue using the app (see Table 1 in the Supplemental Material for the full list of questions).

2.2. Symptoms and Smoke Observations {#gh2138-sec-0004}
------------------------------------

In the "Symptoms and Smoke Observations" tab of the app, participants reported observations of smoke, health symptoms, and behaviors adopted to reduce smoke exposures and symptoms. Each week, considering Monday as the start of a week, the app captured responses in four symptom categories---eyes and ears, respiratory, cardiovascular, and/or other---as well as additional information indicating the severity of adverse health effects (i.e., duration of the symptoms, whether medication was used to treat their symptoms and whether an unplanned trip to a physician was made as a result). A list of all specific questions asked in the Smoke Sense app is provided in the Supplemental Materials, titled "Smoke Sense Reporting Pilot Instrument---2017" (Table S1).

2.3. Fire and Smoke Near Me {#gh2138-sec-0005}
---------------------------

A "Fire and Smoke Near Me" tab provided the most recent air quality data measured at monitoring sites across the country using the data from the AirNow program (<http://www.airnow.gov>) and satellite‐detected fire smoke plumes from the National Oceanic and Atmospheric Administration (NOAA) Hazard Mapping System (HMS) Fire and Smoke product (Ruminski et al., [2007](#gh2138-bib-0037){ref-type="ref"}). The HMS provided the geospatial extent of smoke plumes as seen by visible bands of satellite imagery from seven NOAA and National Aeronautics and Space Administration environmental satellites each day.

2.4. Air Quality 101 {#gh2138-sec-0006}
--------------------

An "Air Quality 101" module led to trivia games which tested knowledge of air quality facts and provided correct answers for each lesson. These trivia games were created by the EPA research team based on sections of the Wildfire Guide for Public Health Officials (2016). The purpose of the lessons was to summarize the Guide and prompt participants to engage with learning to identify health risks and ways to protect their health.

2.5. Additional Engagement and Education {#gh2138-sec-0007}
----------------------------------------

To encourage continued engagement with the app, Smoke Sense included in‐app badges awarded for accomplishments within the app. These badges were intended to promote certain desired behaviors: completing a user profile, launching the app weekly to check local air quality, reporting smoke and symptom observations, expanding air quality knowledge with air quality lessons, and exploring the map. Participants could also view cumulative statistics of symptoms reported by all participants.

To support the user group and troubleshoot issues, the Smoke Sense team established a project‐level website and project‐level email (<smokesense@epa.gov>) during the pilot season. Activities related to communications and engagement also included giving a webinar, posting to Twitter and Facebook using the hashtag \#SmokeSense, writing up print materials to give out at meetings and conferences, keeping the website updated with new information and FAQs about the app, and working with select communities that wanted to participate in promoting the app.

2.6. Analysis {#gh2138-sec-0008}
-------------

In the analysis, we defined "users" as individuals who completed only the profile questionnaire (n = 3,061) and "participants" as individuals who also reported at least one instance in "Symptoms and Smoke Observations" (n = 1,897). Apart from providing a designated home area zip code, no survey questions required responses. This led to a dataset where the number of responses to each question varies. Users who did not participate were still able to access all functions of the app such as the Air Quality Index, Fire Near Me maps, and Air Quality 101 module. The return rate to the app among both users and participants exceeded 92%.

We examined Smoke Sense pilot data for the feasibility to reach individuals affected by smoke and to characterize motivations for participation. We examined basic demographics of users and participants based on their profile report, their perceptions of smoke as an environmental risk, their perceptions of smoke as a health risk, and the role of preexisting self‐reported health conditions on those perceptions. The unit of observation was the participant week in which participants reported their observations. The full reporting format and number of participants answering each question are given in the Supplemental Material Tables S1 and S2, respectively. We examined the likelihood of adopting exposure reduction behaviors (ERBs) and mitigating behavior in relation to the severity of symptoms using logistic regression models. Each ERB was examined individually. ERBs included wearing a dust mask, wearing a respirator, avoiding daily activities such as school, work, or church, using an air cleaner in the house, avoiding outdoor recreational activities, staying indoors, doing other activities, or not changing behavior. Symptom‐mitigating behaviors included using over‐the‐counter medication, prescription medication, unscheduled outpatient visits to a physician, and unscheduled inpatient visits. However, for analysis, we collapsed self‐reported healthcare usage, including medication and doctor visits, into two levels: "No Meds/No Doctor" and "Meds/Doctor." Analysis was conducted using simple linear regression and logistic regression in the R statistical software package (R Core Team, [2014](#gh2138-bib-0032){ref-type="ref"}).

We used HMS smoke plumes for validation of participant‐reported observations of smoke. We compared participant‐reported smoke observations to NOAA HMS detections of smoke plumes at each ZIP code per participant week and the number of smoke days to participants\' perceptions of how long they smelled smoke inside and outside the home. We did not use air quality values measured at the monitoring sites because they were not available for all participant‐reported ZIP codes.

To explore the representativeness of the participant sample to the underlying population, we compared participants\' demographic information to the American Community Survey (ACS) 2012--2016 5‐yr estimates at the zip code level. ACS estimates were used to calculate the population‐weighted mean for the four demographic variables---age, gender, race, and education---across zip codes reported by any Smoke Sense user.

This study was reviewed by the Office of Human Research Ethics Institutional Review Board at the University of North Carolina, Chapel Hill. The study was exempted from further review under 45 CFR 46.101(b) Exemption Category 2. Participation in Smoke Sense was voluntary on an opt‐in basis. Participant\'s locations were not recorded using GPS, and phone identifiers were not collected. Each participant was given a unique identifier based on the app download instance.

3. Results {#gh2138-sec-0009}
==========

3.1. Smoke Sense Population Demographics {#gh2138-sec-0010}
----------------------------------------

Smoke Sense participants and users were more representative of the mobile app user population than their community demographics. Participants of Smoke Sense during the pilot study were younger (30.2% age 18--29; 25% age 30--39; 19.3% age 40--49; 18.9% age 50--64; and 6.5% age 65+), more educated (71.6% had at least a college degree), and a higher proportion white (80.1%) and female (64.2%) than the reference population based on ACS (Supplemental Material Table 3).

3.2. Participants\' Perceptions of Smoke Events {#gh2138-sec-0011}
-----------------------------------------------

Smoke Sense participation was motivated by the experience of a significant smoke event, with 80% of downloads occurring during smoke events. Most participants and users were from Washington and California, states with particularly severe wildfire smoke events in the late 2017 fire season (Figure [2](#gh2138-fig-0002){ref-type="fig"}). Their perception of smoke exposure was consistent with occurrences of smoke plumes as measured by NOAA\'s HMS smoke plume product. Among participants, 80% of the reported smoke observations matched NOAA HMS smoke observations in the same zip code as a smoke event (2,180 out of 2,708 responses). Further, 51% (n = 2,680) of the reported smoke observations during which the user smelled smoke inside or outside the home also matched the duration/length of time of NOAA HMS smoke observations in the same zip code.

![Spatial distribution of Smoke Sense users and participants and the number of days with satellite‐detected smoke plumes.](GH2-3-443-g002){#gh2138-fig-0002}

3.3. Personal Health, Risk Perception, and Engagement {#gh2138-sec-0012}
-----------------------------------------------------

Participation in Smoke Sense was motivated not only by the presence of smoke but also out of concern for personal health. Individuals with a previous or current health concern also had a higher interest in participation; 57% of users and 71% of participants had a previous diagnosis of a chronic health condition. Participants with current health concerns also stayed engaged longer; the longest participation was observed for those with self‐reported "respiratory" conditions and history of "allergies," with an average of 2.74 and 2.41 weeks, respectively. By comparison, participants with no self‐reported health concerns engaged for the shortest average duration, 1.6 weeks. Except for chronic obstructive pulmonary disease (COPD) with low numbers, differences in the number of participation weeks between those with preexisting health concerns and those without were significantly different (Supplemental Material Table S4).

While participants reported a clear perception of smoke as a health risk and the participation was driven by health concern, on average, participants did not consistently recognize the risk to themselves. More specifically, while 91% (n = 1,482) recognized that smoke and air pollution affect the health of some individuals, only 72% thought that smoke and air pollution affect health in general. The percentage‐point difference was larger in participants who did not regularly experience symptoms (27%) and smaller in those who did (13 %).

3.4. Symptom Reporting Patterns {#gh2138-sec-0013}
-------------------------------

Participants were more likely to self‐report symptoms on days when they recorded smoke observations (Figure [3](#gh2138-fig-0003){ref-type="fig"}). When experiencing a smoke event, they reported, on average, 2.5 different symptoms per week. In contrast, when smoke was not reported, participants reported an average of 0.8 symptoms per week. The most commonly reported symptoms were "respiratory"‐related (smoke days 87%, nonsmoke days 38%) followed by "eyes and ears"‐related (smoke days 79%, nonsmoke days 26%) (Supplemental Material Table 5). Cardiovascular symptoms were the least common (smoke days 25%, nonsmoke days 8%), although the proportional magnitude of the increase was consistent with other conditions. However, because motivations for participation influenced the act of reporting, we do not generalize proportional increases in reported symptoms to population‐level risk measures of smoke exposures.

![Odds ratio of reporting symptoms between participants with and without previous history of health conditions on smoke days only. Likelihood of each symptom was examined individually. Point estimates and 95% confidence intervals are reported in Supplemental Material Table 6.](GH2-3-443-g003){#gh2138-fig-0003}

On days when participants reported smoke observations, those who reported having a previous history of chronic health conditions in the profile section of the app were more likely to report symptoms in comparison to those without a reported history of chronic conditions (Figure [3](#gh2138-fig-0003){ref-type="fig"}). Participants with diagnoses of COPD and respiratory illnesses reported particularly high rates of "cardiovascular" and "respiratory"‐related symptoms in comparison to those without any history of chronic conditions (respiratory diagnosis vs. none: "eyes and ears" symptoms OR 1.80(1.01,3.2); "respiratory" symptoms 5.60(2,15.65); "cardiovascular" symptoms 4.27(2.56,7.13); and "other" symptoms 4.92(2.64, 9.18)), which is consistent with known biological responses in this population. Surprisingly, participants with previous diagnoses of allergies, asthma, diabetes, or heart conditions were also more likely to report symptoms which were not specific to the previous diagnoses. Namely, those with asthma, in comparison to those without, were equally more likely to report "cardiovascular" (OR: 2.58(1.87, 3.57), "respiratory" (OR: 2.73(1.87, 3.98)), "eyes and ears" (OR: 1.59(1.19, 2.13)), or "other" conditions (OR: 2.12(1.62, 2.77)). Odds ratios for all outcomes are reported in Supplemental Table S6.

3.5. Exposure Reduction Behaviors (ERBs) {#gh2138-sec-0014}
----------------------------------------

A clear majority of Smoke Sense participants (89%) responded to smoke by changing behavior. Most people reported taking multiple actions, while few people (\<1%, −11 individuals) reported taking all eight ERBs (62% selected two or more ERBs, 31% selected a single ERB). When experiencing smoke, the likelihood of adopting ERBs increased with the number of symptoms but did not depend strongly on previously reported health history (Figure [4](#gh2138-fig-0004){ref-type="fig"}). The probability of "no exposure reduction" actions went down from 52% among participants without symptoms to 1% among the participants all with four symptoms. The actions most likely to be taken were "stayed indoors" and "avoided outdoor recreation," while "dust mask" and "leaving the area" were the least likely.

![Probability of taking exposure reduction behavior (ERB) by number of symptoms per week among participants who have experienced smoke. The left panel references participants without preexisting health conditions, and the right panel references participants with preexisting conditions. Probabilities were estimated using logistic regression; odds ratios and 95% confidence intervals are reported in Supplemental Material 7.](GH2-3-443-g004){#gh2138-fig-0004}

3.6. Mitigating Actions: Medication and Doctor Visits {#gh2138-sec-0015}
-----------------------------------------------------

Participants who experienced symptoms also reported using medication, visiting a doctor for unscheduled visits, or both (56%), while only 2% of participants who did not experience symptoms took similar actions. Healthcare usage was also reported more often as the number of symptoms per week increased: 32% for one symptom, 52% for two, 67% for three, and 72% for four symptoms. As such, we refer to the usage of medication and unplanned doctor visits as an action to mitigate symptom severity, taken in response to symptoms with the purpose of reducing the severity of health burden.

3.7. Those Who Took Mitigating Action Were More Likely to Adopt ERBs Than Those Who Did Not {#gh2138-sec-0016}
-------------------------------------------------------------------------------------------

Among participants with a single symptom and who mitigated the severity of their symptoms, the likelihood of adopting any of ERBs exceeded 45%. In this group, the likelihood of adopting any ERB when experiencing all four symptoms was over 90%. For both groups, "avoided outdoor recreation" and "staying indoors" are the ERBs most likely to be adopted, regardless of the number of symptoms, indicating either low costs or high perceived benefits, or both. In the "Meds/Doctor" group, for most of the other ERB, the probability of adoption did not increase until three symptoms were experienced, suggesting relatively steep costs or larger uncertainties about the benefits of the ERB. For the "No Meds/No Doctor" group, there was a relatively sharp increase in the adoption of "air cleaner" and "avoided daily activities" with respect to the number of symptoms (severity), suggesting relatively lower costs or higher perceived benefits. As expected, as people experienced symptoms, the probability of doing nothing falls, with a greater decline for those mitigating symptoms. This suggests that those choosing to both mitigate symptoms and adopt ERB may be experiencing more severe symptoms and therefore see a greater perceived benefit from avoiding additional symptoms (Figure [5](#gh2138-fig-0005){ref-type="fig"}).

![Probability of taking exposure reduction behavior (ERB) by number of symptoms per week and mitigating actions among the participants who have experienced smoke and at least one symptom. The left panel references participants who did not take medications or visit a doctor, and the right panel refers to participants who had at least one symptom and did take medication or visit a doctor. Probabilities were estimated using logistic regression.](GH2-3-443-g005){#gh2138-fig-0005}

4. Discussion {#gh2138-sec-0017}
=============

4.1. Pilot Season Findings on the Relationships Between Smoke Exposure, Health Protective Behaviors, and Personal Factors That Influence Them {#gh2138-sec-0018}
---------------------------------------------------------------------------------------------------------------------------------------------

We examined Smoke Sense citizen scientist reports for feasibility of reaching target audiences and ability to engage participants in protecting their health and and to learn how exposure‐reducing behaviors are adopted in response to wildfire smoke exposure. Participation and return rates indicated a clear demand for learning more about smoke impacts and health protective behaviors. Whereas most participants consistently identified smoke as an environmental hazard and a health risk in general, participants with preexisting health history were more likely to perceive their own health to be at risk; they engaged and reported symptoms more often. However, the range of symptoms reported by health‐motivated participants was not consistent with biological responses specific to personal health history. For example, participants with asthma were equally likely to report symptoms of eyes and ears as respiratory symptoms, indicating that the range of symptoms experienced by individuals goes beyond existing health concerns.

Simultaneously, the engagement in health protective behavior was not driven by the health factors that motivated participation. More specifically, 71% of participants and 57% of users had reported existing health concerns; participants with respiratory symptoms engaged for, on average, 2.74 weeks, while those without health conditions engaged for 1.62 weeks, and participants with self‐reported allergies were 3.23 times more likely to report symptoms. Additionally, participants who did not take exposure‐reducing actions had a lower number of symptom days (Figure S1), while those with more symptom days were more likely to take any of the actions (Figure [4](#gh2138-fig-0004){ref-type="fig"}), which suggested that the engagement in health protective behavior was driven in response to symptoms as reactive rather than preventive courses of action. We also observed variations in the likelihood of adopting ERBs reflecting social, physical, or financial burden or the amount of perceived benefit. Higher probabilities suggested that "staying indoors" and "avoiding outdoor recreation" are, on average, the easiest ways to modify daily routines or have the most certain perceived benefit in reducing smoke exposure. Conversely, "avoiding daily activities," such as going to work or school, was the most difficult way to modify daily routine, but the perceived benefit increased rapidly with the increase in number of symptoms. A higher average number of symptoms among participants who actively mitigated their symptoms provided suggestive evidence that as symptoms increased, participants tried to treat those symptoms with medication and doctor visits. Finally, when examining engagement in exposure‐reducing behavior, we observed a higher likelihood among those who also mitigated the severity of their symptoms by seeking healthcare. While we were unable to directly identify the impact of specific barriers to adoption or perceived benefits of adoption, there are clear differences in the likelihood of adoption between ERB, which suggests that there are differences in barriers and benefits. However, these differences become less relevant as more symptoms are experienced, especially for those reporting use of medications or doctors, which is likely an indication of the greater severity of their symptoms. Pilot year observations about exposure‐reducing behavior motivated a subsequent change in the reporting survey where we can explore and identify barriers to each of the actions.

We summarize our findings in a causal diagram describing the relationship between smoke exposure, health history, health symptoms, exposure‐reduction behaviors, and outcome‐mitigating behaviors (Supplemental Material Figure S2a). The diagram defines current behavior as being reactive to symptoms (S ‐‐ \> ERB) and mediated through mitigating actions taken to reduce exposure (S ‐‐ \> MB ‐‐ \> ERB). The diagram also describes the lack of relationship between personal health history and adoption of exposure reduction behavior. The *desired* causal diagram is depicted in panel b with a directed link between ERBs and symptoms, where ERBs are taken preventatively to reduce symptoms and possibly eliminate the severity of outcomes (Supplemental Material Figure S2b). The diagram summarizes relationships between smoke exposure, health protective behaviors, and personal factors that influence these relationships and enable us to identify future directions.

4.2. Insights on Health Risk Messaging in the Context of Protective Health Behavior During Smoke Episodes {#gh2138-sec-0019}
---------------------------------------------------------------------------------------------------------

Participant reports during the pilot season led us to form two main insights about approaches that may improve health risk communications designed to nudge individuals toward health protective behavior. These two insights emphasize that health risk messaging should be personally relevant and health risk messages should reinforce the benefit of protective health behavior. Health and risk messages that recognize informational needs, beliefs, motivations, and health behaviors of users have been shown to increase perceived relevance and increase the likelihood of behavioral change in other health domains (Lustria, [2017](#gh2138-bib-0025){ref-type="ref"}). These previous experiences support the hypothesis that realizing the key insights may increase the individual level of responsiveness in the context of changing behavior during wildfire smoke exposure.

The first insight refers to increasing personal awareness of health risk as a way of increasing health protective behaviors in comparison to the current focus of delivering information on air quality. Furthermore, our hypothesis suggests that the effectiveness of health risk messages is likely to increase if the messages can reduce the gap between "self" and "others" in assessment of personal risks, thus reducing the "better than average affect" (e.g., people thinking that they are generally healthy and therefore at a lower risk from smoke exposure compared to the average person) (Brown, [2011](#gh2138-bib-0004){ref-type="ref"}). Highlighting a broader range of potential risks, such as irritation of eyes or loss of good sleep, which may be easier to identify as a personal risk and may act as a cue to action for a wider population, could thus reduce the chance of more severe outcomes across the board. Of course, this suggestion does not negate the need to communicate the risk of severe outcomes such as asthma attack, pneumonia, or myocardial infarction. While these are very serious and valid health concerns, they are poor cues to actions at the population level. Most individuals do not realistically expect to be personally affected by a severe outcome, but a great many do perceive the risk of lower level symptoms that impact our wellness, such as the immediate value in reducing the risk of a poor night of sleep.

The second key insight is that lack of awareness of health benefits related to behavioral changes and high perceived barriers can be significant deterrents to adoption of ERB. The pilot season data provided important insights into motivations (perceived benefits) and barriers to adopting exposure‐reducing behaviors. The likelihood of adopting ERBs increased with the severity of health impacts. The differences in the rates of adoption of ERB and the response to the number of symptoms experienced suggest that there are differences in perceived costs (barriers), perceived benefits, or both. The combination of low awareness of personal risk or perceived benefits coupled with perceived barriers resulted in participants acting in response to experienced symptoms, rather than preventively. Therefore, to overcome those barriers, individuals need to perceive that the benefits of the action exceed these costs. Because these perceptions may be determined at least partially by potentially modifiable factors such as costs, convenience, and perception of efficacy, clear evidence and compelling messaging that behavioral changes are effective and provide benefit are needed.

Behavioral changes in individuals have been the key to achieving many public health objectives, particularly in the cases where new behaviors can be introduced as habitual and backed up by social evidence (smoking cessation, washing hands, and flu shots). The challenge in moving the needle with respect to individual‐level behavior during wildfire periods is at least partially explained by the transient and episodic nature of these events. Under urgent response circumstances, messaging related to health risks and protective behaviors challenges individual and organizational bandwidth in delivering, receiving, processing, or acting upon new information, even when the consequences are real and substantial. In the absence of clear message content, behavioral tendencies and prescriptions lead us to ignore or downplay common risks while fearing highly unlikely events (Tversky & Kahneman, [1973](#gh2138-bib-0045){ref-type="ref"}).

Cognitive biases and behavioral tendencies are important to keep in mind in the public health domain of this emerging issue. Numerous examples in the literature related to decisions about health‐related behavior involving diet, exercise, and finances have demonstrated the allure of inaction in the short term. Several factors are potentially at play: (1) the perceived impact of actions; a single instance of behavior change may be considered a "drop in the bucket" compared to estimates of the magnitude of change needed, (2) the perceived costs of actions; these may be financial, time‐based, or psychological, including loss of enjoyment or the perceived effort involved in implementing a change, and (3) the temporal disconnect between behavior and outcomes; a "good" behavior might provide benefits days, weeks, months, or years in the future, in contrast to the immediate costs and perceived immediate benefits of "bad" behavior. Behaviors that are not part of a routine will have perceived and real costs that must be weighed against potential benefits. When benefits of behavior change are uncertain or unknown, a common human tendency is to continue default behavioral patterns (status quo bias; Kahneman et al. ([1991](#gh2138-bib-0019){ref-type="ref"}); Samuelson and Zeckhauser ([1988](#gh2138-bib-0038){ref-type="ref"}). Even when benefits are clear, changing a behavior may be perceived as a loss or removal of the familiar. Our human tendency to discount future gains compared to more immediate gains likely also works against the motivation to action as opposed to inaction (delay discounting, intertemporal choice; Loewenstein and Prelec ([1992](#gh2138-bib-0024){ref-type="ref"})).

4.3. Smoke Sense as an Innovative Study {#gh2138-sec-0020}
---------------------------------------

The issue of wildfire smoke and health is a complex problem that challenges us to expand our approaches to understanding and identifying effective strategies that can improve public health outcomes. Environmental epidemiology has delivered evidence of health impacts when individuals are exposed to wildfire smoke. This evidence is important for scientific consensus and knowledge advancement, which over time becomes formulated in public health communications strategies. Citizen science research designs complement the current landscape by providing more avenues through which research can be carried out, tapping into the potential for collecting data using a distributed network of observers.

To our knowledge, Smoke Sense represents the first set of large‐scale observational data sets on individual behavioral responses to smoke exposure. The study also represents a leap forward in when, where, and how information about health impacts from environmental changes can be collected and understood. Here, we highlight two innovative concepts this study brings:

### 4.3.1. Citizen Scientists Become Human Sensors of Their Own Behavior in Relation to Their Environment {#gh2138-sec-0021}

The first key innovation in Smoke Sense is that citizen scientists become human sensors of their own behavior in relation to their environment. They do this by recording health symptoms and smoke observations and reporting their behavioral responses and perceptions of smoke as an environmental hazard and health risk. Earlier efforts have focused on citizen‐collected environmental data, such as through electronic air quality sensors, but have not linked changes in environmental conditions to changes in personal health and behavior. Smoke Sense provides a unique ability to measure a participant\'s initial understanding of health risks and behaviors and how these evolve as they learn about smoke, air quality, and health. These knowledge gains not only benefit individual citizen scientists but also expand collective knowledge that can inform community health protection strategies during wildfires. Over time, this research effort can elucidate behavioral mechanisms, such as implementation intentions (Milkman et al., [2011](#gh2138-bib-0026){ref-type="ref"}), that provide opportunities for interventions which help individuals link goal intentions directly to behaviors.

### 4.3.2. Enabling Rapid Data Collection in Emerging Disasters With Continuous User Interaction Over Time {#gh2138-sec-0022}

The second key innovation is the ability to gain and share systematic knowledge acquired when and where participants are afflicted by smoke. Designing and executing epidemiological or health and behavior survey studies in the context of emerging disasters is costly and highly challenging. Various institutional and structural barriers surrounding such research efforts can limit when and where data is collected, subsequently affecting its applicability and usage (e.g., research planning, approval processes, funding acquisition, data collection logistics, etc.). These barriers are especially challenging when data needs to be collected during an unplanned event, which can occur in any location and population. Smoke Sense embraces principles of citizen science and crowd sourcing where users can opt‐in to engage. As such, this research effort is less constrained by factors common to sample driven research such as prior sample identification, gathering contact information, sending invitations, etc. Further, participants can respond immediately and over multiple fire seasons indefinitely, likely minimizing recall bias and allowing the research team to track perspectives and behaviors across smoke events over time without having to redeploy an entire survey, as in traditional methods. As a smartphone app, Smoke Sense is also a platform to continuously reconnect with users, sharing results that may influence attitudes, normative beliefs, and perceived control over smoke exposures.

4.4. Advances Using Citizen Science and Smartphone Approaches {#gh2138-sec-0023}
-------------------------------------------------------------

Like community‐engaged research projects, citizen science studies can be formulated to address community needs which can enable communities to solve problems over time. These studies bring together individuals in communities with environmental public health issues to make observations and clarify regional perspectives. With the gathered information, health authorities, working with "Culture Brokers" ((U.S. FEMA), [2019](#gh2138-bib-0001){ref-type="ref"}), can give risk and health promotion messages best suited for the structure of social and political dynamics in existing regional networks (Smell Pittsburgh, [2018](#gh2138-bib-0040){ref-type="ref"}; The University of Texas Medical Branch at Galveston, [2018](#gh2138-bib-0043){ref-type="ref"}). In epidemiology, citizen science approaches have been used to enable the public to actively participate in health surveillance (Deepwater Horizon spill, Sullivan et al. ([2018](#gh2138-bib-0042){ref-type="ref"})) or in observing environmental changes. In Tasmania, researchers developed an AirRater app that integrates symptom surveillance, environmental monitoring, and notifications of environmental conditions such as wildfire smoke and pollen (F. H. Johnston et al., [2018](#gh2138-bib-0018){ref-type="ref"}). While similar to Smoke Sense in its common aim of reducing health impacts, AirRater does not focus on behavioral responses and education but has also been widely used in response to environmental conditions.

Smartphones have changed the way we consume and respond to information. Mobile devices offer multiple ways to communicate (call, text, messaging, social media, etc.) and enable a continuous stream of information (from online news, interoperable schedules, etc.), thus changing the way we think and behave. New citizen scientists and crowdsourcing research efforts have successfully capitalized on the power of smartphones to engage users when the information is most relevant. Katapally et al. ([2018](#gh2138-bib-0020){ref-type="ref"}) reported on a recent study using a mobile app to collect information on physical activity, physical and social context, and motivation and tested information interventions to increase active living behaviors. Chrisinger and King ([2018](#gh2138-bib-0006){ref-type="ref"}) engaged citizen scientists to report objective and perceived elements of the built environment that contribute to chronic stress. Rosas et al. ([2016](#gh2138-bib-0035){ref-type="ref"}) engaged citizen scientists in Mexico to collect and gather data about barriers and facilitators of physical activity in participants\' neighborhoods and facilitate the use of data to collectively advocate for local environmental‐ and policy‐level changes to support active living. Another surveillance tool facilitated through crowdsourcing is Flu Near You, which enables prediction of the onset of flu season (Smolinski et al., [2015](#gh2138-bib-0041){ref-type="ref"}).

As a smartphone app, Smoke Sense provides several advantages over traditional research. The smartphone platform provides an avenue to enhance social normative learning and to evaluate the impact of risk and behavior messages to those who are affected by smoke. The application provides a platform for testing different behavioral mechanisms such as implementation intentions, which help people translate goal intentions into behaviors. Participants may benefit from just‐in‐time, scheduled, and self‐triggered reminders to consider relevant ERB that they can take to reduce health risks from smoke episodes (Pirolli, [2016](#gh2138-bib-0029){ref-type="ref"}; Pirolli et al., [2017](#gh2138-bib-0030){ref-type="ref"}). Smartphone applications have been shown to influence human behavior. With the BreezoMeter app (Polak, [2019](#gh2138-bib-0031){ref-type="ref"}) which provides information on the air quality and sends notifications when the pollution level rises above a certain level, researchers have examined factors that influence decisions to change behavior. In AIR Louisville projects, researchers showed that the use of electronic inhaler sensors on the smartphone to monitor where and when they used medication had positive clinical outcomes and influenced environmental policy in the community (Barrett et al., [2018](#gh2138-bib-0003){ref-type="ref"}). Tools that promptly communicate the health risks from and promote education and engagement with smoke exposure may help people make informed decisions to protect their health. Most importantly, the app is available for reporting observations when participants are affected by smoke episodes. In most places in the United States, threats from wildfire smoke bear more similarity to natural disasters or disease outbreaks that are transient or seasonal events. The precise geographic location and spatial extent of wildfires are emergent threats, meaning unique groups of people and different communities or regions are affected in any given year. The ability to understand how individuals respond in different geographic areas and over time can provide meaningful insights and value to public health officials.

Notwithstanding the novelty, Smoke Sense and app‐based participation is not without its limits. To make participation feasible at the national level, Smoke Sense is dependent on several external resources (air quality monitors, AirNow, fire incidence reporting, satellite data, health messaging, etc.) which all must work in tandem to have an effective user interface. By far, the most commonly reported issue that we received was related to the lack of air quality monitors. This is because permanent stationary air quality monitors are established for regulatory purposes and are positioned around large population centers. However, individual‐level needs for information, especially during wildfire smoke events, exceed the capacity of the regulatory network. As reflected by demographics of Smoke Sense participants, smartphone applications may be more attractive and accessible to some segments of the population and less to others. To increase the overall participation and in response to our community\'s needs, Smoke Sense is now available in Spanish, and a K--12 curriculum and a public facing data visualization site are being developed. The Smoke Sense research and communications team is also actively reaching out to state and organizational leaders in developing strategies to reach wider audiences; however, even with this effort, not all segments of the population will find a smartphone app appealing or feasible.

Another limitation of the study is that Smoke Sense participation is completely anonymous, and individual\'s personal exposure levels at more granular spatial scales are not known. For this purpose, we are exploring ways for delivering new metrics of exposure based on personal sensors, special purpose sensors, and satellite data. In the pilot season, Smoke Sense was conceived to facilitate within person changes in behavior, where enrollment in the study would occur randomly in time. However, after the massive fire season in 2017, participation was largely driven by smoke episodes which limited the ability to characterize health and behavior effects only due to smoke episodes. Namely, voluntary opt‐in participation gives rise to selection bias which will require development of new statistical methods to compare effects between smoke and nonsmoke periods.

5. Conclusions {#gh2138-sec-0024}
==============

Smoke Sense is an innovative citizen science effort that makes a personal connection between changes in environmental conditions and changes in personal health to promote protective health behavior. Smoke Sense uses educational tools, real‐time information, and gamification to promote issue engagement among participants. To our knowledge, the study represents the first set of large‐scale observational data on individual behavioral responses to smoke exposure largely unavailable from other sources.

Based on participant reports during the pilot season, we concluded that there is a clear demand for personally relevant data during wildfire episodes. Participation and symptom‐reporting actions were clearly related to personal characteristics such as health history; however, health protective behavior and reported symptom types were not consistent with personal risk factors. This observation leads us to two recommendations that may make health risk messages more effective: they should be personally relevant and provide compelling evidence that behavioral change is effective. These observations are being further explored in the current version of Smoke Sense which is being implemented during the 2019 wildfire season. The long‐term goal for Smoke Sense as a citizen science platform is to allow continuous engagement with participants which over time has the potential to shape their attitudes and sense of efficacy regarding control over smoke exposures.
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